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Physiological Responses of a Bloom-forming Green Macroalga to 

Short-term Change in Salinity, Nutrients, and Light Help Explain its 

Ecological Success 
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ABSTRACT: Enteronmrpha intestinalis is a blooul- forul ing  species  o f  ulacroalgae associated with eutrophication.  Th e  
objective of  this study was to investigate how this alga p e r f o r m s  osmoregulat ion  and nutrient uptake in order to prolif-  
erate under  envi ronmenta l  condi t ions  that  eovary with eutrophicat ion.  We quant i f ied  the  response  o f  E. iutestinalis to 
salinity~ light~ and nutrients.  We p e r f o r m e d  two short-term (48 h) laboratory exper iments  (salinity alone and salinity x 
nutrients x light) to examine  the  algal responses  of  tissue water~ potass ium (K+), and nutrient (NOa and total N)  
content .  Tissue water content  decreasedwi th  increasing salinity, and although K + concentrat ion decreased froul  the initial 
concentration,  it decreased less with increased salinity treatment demonstrat ing two u lechan isms  to withstand short-term 
salinity fluctuation. The  salinity x nutrient  x light experiulent  s h o w e d  that, in the short  term, l ight had an interaction 
with tissue K +, Total tissue N content  was positively related to N treatment level, and l ight did not  affect  total nutrient 
concentration.  The  effect  o f  l ight was present  whether  the nutrients were  present  in the tissue as inorganic or organic 
forms .  With reduced light~ we hypothesize  that  the  assimilation of  inorganic to organic N was energy limited. The  ability 
of  this alga to take up available nutrients rapidly for  growth and short-term osmoregulat iom even under  low light and 
salinity levels, he lps  to explain the b loom potential  of  E. iutestinalis. 

I n t r o d u c t i o n  

Macroalgae play an integral role in pr imary  pro- 
ductivity and nut r ien t  cycling in shallow estuarine 
systems (Hanisak 1983; Christian et al. 1996; Kwak 
and Zedler  1997; Kinney and Roman 1998; Krause- 
Jensen  et al. 1999). Blooms of estuarine macroal- 
gae have been  linked to an th ropogen ic  nu t r ien t  
inputs (Raffaelli et al. 1989; Valiela et al. 1992; Mar- 
comini et al. 1995; H e r n a n d e z  et al. 1997), with 
negative effects on estuarine ecosystems including 
reduct ion  of oxygen in water and sediments  (Sfriso 
et al. 1987), invertebrates and fish die-offs (Raf- 
faelli et al. 1989), and changes in communi ty  com- 
position (Ahern et al. 1995). Blooms are often 
comprised of opportunist ic  green  macroalgae ca- 
pable of high rates of nu t r ien t  uptake (Fujita 1985; 
Duarte  1995) and with large nu t r ien t  storage ca- 
pacity (Fujita 1985; Fong et al. 1994). These  algae 
often exper ience  decreased light due to turbidity 
and decreased salinity since freshwater is often the 
vector  for nutr ients  (Lapointe  1997; Martins et al. 
2001) and sediment  (Phillip and Lavery 1997). 
The  mechanisms by which algae proliferate unde r  
this combinat ion  of changing environmenta l  con- 
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ditions are not  completely unders tood  (Zharova et 
al. 1998; Martins et al. 2001). 

Estuarine macroalgae are able to osmoregulate  
in response to al tered salinity. Enteromc, rpha intestin- 
alis (Chlorophyta) ,  a major  b loom-forming species 
in nutr ient-r ich estuaries (Waite and Mitchell 1972; 
Valiela et al. 1992; Kamer  et al. 2001), is consid- 
ered an euryhal ine macroalga as it can proliferate 
u n d e r  condit ions of low salinity (Reed and Russel 
1979). E. intestinatis has been shown to osmoregu- 
late using several mechanisms including adjusting 
tissue water content  (Young et al. 1987a) and po- 
tassium (K +) concentra t ions  (Black and Weeks 
1972; Ritchie and Larkum 1985a,b; Young et al. 
1987a; Karsten et al. 1991) in response to short- 
te rm changes in external  salinity. E. intestinatis has 
also been shown to respond to long-term altered 
salinity by changing organic solute concentra t ions  
in the tissue (Edwards et al. 1987, 1988). 

Many studies documen t  that b loom-forming ma- 
croalgae in estuarine ecosystems proliferate as a re- 
sult of nu t r ien t  en r i chmen t  (Peckol et al. 1994; 
Pedersen 1995). In tempera te  systems, estuarine 
macroalgae are primarily limited by ni t rogen (N) 
(Ryther and Dunstan 1971; Harlin and Thorne -  
Miller 1981; Hanisak 1983; Howarth  1988; Peder- 
sen and Borum 1996). Fujita (1985) showed that 
several species of Enterom~rpha were able to take 
advantage of nu t r ien t  pulses; a m m o n i u m  (NHC)  
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uptake  occur red  very quickly and  storage sustained 
growth for up to 10 d in culture. McGla thery  et al. 
(1996) suggested that  ni trate  ( N O s )  can serve as 
a N storage reserve for Chaetom~rpha tinum for up 
to 10 d. The  rapid response  of estuarine macroal-  
gae to increased supply of inorganic  N may be a 
key characteristic in a b loom-fo rming  species. 

Estuarine macroa lgae  mus t  also be able to sur- 
vive unde r  the low or f luctuat ing light levels due 
to turbidity that  is typical of estuaries. Exper imen-  
tal evidence demons t r a t ed  that  growth of the op- 
portunist ic  g reen  macroa lga  Ulva rigida can be se- 
verely l imited by light in highly turbid estuaries 
(Sfriso and Marcomin i  1996; De Casablanca et al. 
2002), Arnold  and Murray  (1980) found that  pho-  
tosynthesis of E. intestinalis d r o p p e d  dramatically at 
i r radiances  below 200 p~E m ~ s a. From these stud- 
ies, it is unc lear  how b loom-fo rming  macroa lgae  
can prol i ferate  u n d e r  low light conditions. 

Al though  there have been  several studies on the 
effects of salinity, light, and nut r ien ts  on growth 
and  biomass  accumula t ion  of macroalgae ,  studies 
of the in terac t ion  a m o n g  these factors are less 
common .  Two exper imenta l  studies demons t ra ted  
that  l ight r educ t ion  decreased the ability of  ma- 
croalgae to use available nutr ients  (Lapointe  and 
Tenore  1981; Peckol et al. 1994). In a field study, 
it was de t e rmined  that  a combina t ion  of nu t r ien t  
and  light l imitat ion of Cladophora occur red  dur ing 
dry per iods  in the Peel-Harvey Estuary in Western 
Australia (Birch et al. 1981). Mart ins  et al. (2001) 
found  that  algae in rice fields r e sponded  favorably 
to increased nutr ients  and  negatively to decreased 
salinity, bu t  Kamer  and Fong (2001) found  that  
increased up take  of inorganic  N amel iora ted  the 
negative effects of  lower salinity on E. intestinatis 
f rom sou the rn  California estuaries. It is impor t an t  
to under s t and  interact ions between these impor-  
tant, and  often covarying env i ronmenta l  factors of  
salinity, nutr ients ,  and light, and  their  effects on 
b loom-fo rming  macroalgae ,  

I t  may be especially impor t an t  to unders tand  in- 
teractive effects of  salinity, nutr ients ,  and  light on 
estuarine macroa lgae  in sou the rn  Cal ifornia  estu- 
aries because our  Med i t e r r anean  climate results in 
pulses of decreased salinity and light in combina-  
tion with increased nutr ients  associated with sea- 
sonal storms. In sou the rn  California estuaries, E. 
intestinalis blooms u n d e r  episodic pulses of  nutri-  
ents, freshwater, and increased turbidity typical of  
these systems (Rudnicki  1986; Kamer  et al. 2001). 
We hypothesized that E. intestinatis uses K + and al- 
ters tissue water  con ten t  as shor t - te rm mechan i sms  
to osmoregula te  across a wide range  of  lowered 
salinity. We also hypothesized that  there is an in- 
teract ion between nutr ients  and salinity, possibly 
due to storage of inorganic  N that  funct ions as an 

osmolyte, and we hypothesized that these physio- 
logical mechan i sms  are affected by light availabili- 
ty, as bo th  up take  of K + and  NO~- are energy-de- 
p e n d e n t  processes. To unde r s t and  the mechan i sms  
and interact ions that  result in algal b looms  in 
sou the rn  Cal ifornia  estuaries, we quantif ied the 
shor t - term physiological responses  of E. intestinalis 
to decreased salinity, increased nu t r i en t  concentra-  
tion, and  decreased light availability. 

Materials and Methods  

EXPERIMENTAL SET-UP 

Prior to each exper iment ,  E. intestinalis was col- 
lected f rom Mugu  Lagoon  at Naval Base Ventura  
County, Point  Mugu,  California,  and  cul tured in 
low-nutrient  seawater for 10-14 d to ensure  that  all 
algae star ted with similar nu t r i en t  status, Algal cul- 
tures were main ta ined  outdoors ,  with aerat ion,  in 
amb ien t  seawater (S5%o), in a t empera ture -con-  
trolled pool  (20~ unde r  amb ien t  light r educed  
30% with one layer of  window screen to simulate 
coastal condi t ions which are subjected to m o r e  
persistent  clouds and  fog than University of Cali- 
fornia,  Los Angeles  (UCLA; m e a n  1,800 b~E m -z 
s -1 [Fong et al. 1994] versus 2,200-2,500 b~E m -z 
s -1 at UCLA). 

Exper iments  were p e r f o r m e d  between March 
and J u n e  2001, at UCLA. At the start  of  each ex- 
per iment ,  five 10-g wet weight  samples  of algae 
were taken to measure  initial tissue water content ,  
K + content ,  and  nut r ien t  status. Initial NOs-  was 
measured  only in the three-factor  exper iment .  Ten 
grams of algae and one liter of seawater were add- 
ed to each exper imen ta l  unit  (2 L glass jars).  Units 
were r andomized  by location and main ta ined  in 
ou tdoor  t empera tu re -con t ro l l ed  pools  (20~ 

DESIGN OF LABORATORY EXPERIMENTS 

E. intestinalis Response to Shor~term Changes in 
,Salinity Alone 

E. intestinatis was exposed to 8 salinities f rom 
0%0 to S5%o, which spanned  the range  observed 
in the field. The  expe r imen t  lasted 48 h to match  
the short-lived pulses of nutr ients  and  freshwater  
in the field; pi lot  expe r imen t s  have shown this was 
sufficient t ime to detect  algal responses  (Cohen 
unpubl i shed  data),  Salinity t rea tments  were creat- 
ed by add ing  distilled water  to low-nutrient  seawa- 
ter, Nutr ients  were provided at nonl imi t ing  con- 
centra t ions  (Cohen  unpubl i shed  data) by add ing  
NaNO~ for  a final concent ra t ion  of S00 b~M above 
ambient .  At the end  of the exper iment ,  algal tissue 
was analyzed for K + conten t  and  tissue water. 

E. intestinalis Response to Short-ter,m Changes in 
Salinity, Nut, rierd, and Light Availability 

E. intestinatis was exposed to three  salinities 
(15%0, 25%o, or 35%0) in 50, 150, or 300 poM N 
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TABLE 1. Initial nutrient levels in seawater solutions prepared for the salinity • nutrient • light experiment. In all initial samples, 
NH~- was below tlae detection lhnit. Numbers in parentheses are standard errors of the mean, and n = 3 for all treatmentS. Detection 
limit for all forms of N S.57 p,M. Values below detection limit were estimated toy using the detection limit. 

Salinity 
N Treatanei)t 

Expe rirnera t Nutrie nt ( bzlvI ) 1~ %0 7~ %0 .35 %0 

Salinity x nutrients x light NOa 50 58.10 (0.24) 60.71 (g.g0) 83.10 (0.63) 
150 157.86 (0.41) 166.67 (2.12) 193.81 (2.08) 
300 803.57 (8.22) 312.14 (2.14) 347.38 (4.97) 

DON 50 66.67 (9.52) 69.05 (2.38) 69.05 (19.05) 
150 92.86 (12.87) 85.71 (21.43) 171.43 (27.04) 
300 73.81 (8.58) 80.95 (10.38) 111.90 (37.42) 

n u t r i e n t  e n r i c h e d  seawate r  u n d e r  two l igh t  levels 
(Table  1); r e p l i c a t i o n  was 5 fold.  C h o i c e  of  wa te r  
n u t r i e n t  c o n c e n t r a t i o n s  we re  b a s e d  on  f ie ld su>  
veys in severa l  s o u t h e r n  C a l i f o r n i a  e s tua r i e s  w h e r e  
i n o r g a n i c  N in t he  wa te r  r a n g e d  f r o m  b e l o w  de- 
t e c t i on  l imi t  to 800 bdVf N O  s- (Pe te r s  e t  al. 1985; 
Boyle et  al. 2004) .  Al l  of  t he  c o n c e n t r a t i o n s  were  
s l ight ly  h i g h e r  t h a n  a d d i t i o n s  d u e  to the  a m b i e n t  
n u t r i e n t  c o n c e n t r a t i o n s  in  s eawa te r  (22.81 -+ 0.46 
p~M N O s -  ) . In i t i a l  wa te r  N O  s-  a n d  d isso lved  o r g a n -  
ic n i t r o g e n  ( D O N )  c o n c e n t r a t i o n s  a r e  r e p o r t e d  in 
T a b l e  1; NH4 + was b e l o w  d e t e c t i o n  for  all in i t i a l  
w a t e r  samples .  Low l igh t  levels  were  o b t a i n e d  by 
cove r ing  the  e x p e r i m e n t a l  un i t s  wi th  fou r  layers  o f  
w i n d o w  sc r een ,  r e d u c i n g  PAR by 90%. T h i s  en-  
s u r e d  tha t  t he  i n c i d e n t  l igh t  level was well  b e l o w  
s a t u r a t i o n  ( ~ 4 0 0  I~E m -z s -1 for  E. intestinalis [Ar- 
n o l d  a n d  M u r r a y  1980]) .  We m e a s u r e d  l igh t  levels 
o f  ca. 190 poE m z s ~ at  n o o n .  F o r  the  h i g h  l igh t  
level  we used  o n e  layer  of  sc reen ,  as for  t he  cul- 
tures .  A f t e r  48 h, a lga l  s a m p l e s  were  a n a l y z e d  for  
t issue water ,  K + c o n t e n t ,  to ta l  N, a n d  N O s - .  

Breakdown of Experiments 
At the  e n d  of  each  e x p e r i m e n t ,  a lgal  t issue was 

s p u n  for  1 m i n  in a l e t t uce  s p i n n e r  to r e m o v e  ex- 
cess water ,  wet  w e i g h e d ,  b r ie f ly  r i n s e d  wi th  d e i o n -  
ized  wa te r  to r e m o v e  e x t e r n a l  salts,  a n d  d r i e d  at  
55~ to c o n s t a n t  weight ,  F r a c t i o n  t issue wa te r  con-  
t en t  was c a l c u l a t e d  as [ (wet  w e i g h t  - d r y  w e i g h t ) /  
we t  we igh t ] .  D r i e d  s a m p l e s  we re  g r o u n d  with a 
m o r t a r  a n d  pes t l e  a n d  a n a l y z e d  fo r  t issue to ta l  N,  
N O s - ,  a n d  K + c o n t e n t .  We ca l cu l a t ed  the  to ta l  
mass  of  N c o n t a i n e d  wi th in  all  a lgal  t issue in each  
e x p e r i m e n t a l  un i t  at the  e n d  o f  the  e x p e r i m e n t  (% 
d r y  wt N / 1 0 0  X m g  tota l  d r y  wt of  a lgae)  to e n a b l e  
us  to c o m p a r e  N c o n t e n t  o f  a lgae  wi th  d i f f e r e n t  
a m o u n t s  of  g rowth .  

Laboratory Analyses 
All  c h e m i c a l  ana lyses  were  p e r f o r m e d  by the  

Unive r s i ty  of  C a l i f o r n i a ' s  D A N R  Ana ly t i ca l  L a b o -  
ra tory ,  Davis, Ca l i fo rn ia ,  K + c o n c e n t r a t i o n  was de-  
t e r m i n e d  by e x t r a c t i n g  so lub l e  K wi th  a s o l u t i o n  o f  
2% ace t i c  ac id  a n d  a t o m i c  a b s o r p t i o n  s p e c t r o m e -  

t ry  ( J o h n s o n  a n d  U l r i c h  1959; F r a n s o n  1985).  To- 
tal N in a lgal  t issue was d e t e r m i n e d  wi th  a N gas 
analyzer ,  us ing  an  i n d u c t i o n  f u r n a c e  a n d  t h e r m a l  
c onduc t i v i t y  (Sweeney  1989).  Tissue  N O  s- was ex- 
t r a c t e d  with 2% ace t ic  ac id ,  fo l lowed  by z inc  re-  
d u c t i o n  a n d  c o n d u c t i m e t r i c  analysis  ( J o h n s o n  a n d  
U l r i c h  1959; C a r l s o n  1978).  W a t e r  N O s -  was re-  
d u c e d  to NO~ via  c a d m i u m  r e d u c t i o n  a n d  m e a -  
s u r e d  s p e c t r o p h o t o m e t r i c a l l y  a f t e r  d i a z o t a t i o n  
(Swita la  1999; W e n d t  1999).  W a t e r  NH4 + was h e a t -  
ed  wi th  sa l icyla te  a n d  h y p o c h l o r i t e  a n d  de te r -  
m i n e d  s p e c t r o p h o t o m e t r i c a l l y  ( S w i t a l a  1999;  
W e n d t  1999).  W a t e r  To ta l  K j e l d a h l  N (TKN) was 
d e t e r m i n e d  by wet  o x i d a t i o n  us ing  su l fur ic  ac id  
a n d  d i g e s t i o n  catalyst  to c o n v e r t  o r g a n i c  N to NH4 + 
( C a r l s o n  1978).  D O N  was c a l c u l a t e d  as (TKN - 
NH4+).  D e t e c t i o n  l imi t s  were  3.57 pXM for  all  f o r m s  
o f  N in water.  

Statistical Analysis 

D a t a  were  tes ted  to e n s u r e  tha t  t hey  m e t  the  as- 
s u m p t i o n s  o f  p a r a m e t r i c  s tat is t ics  u s ing  Ba r t l e t t ' s  
test  fo r  h o m o g e n e i t y  o f  v a r i a n c e s  a n d  K o m o l g o r o v -  
S m i r n o v  test fo r  d i f f e r e n c e s  in ac tua l  c o m p a r e d  to 
i dea l  n o r m a l  d i s t r i bu t ions .  N o  t r a n s f o r m a t i o n s  
were  necessary .  R e g r e s s i o n  analysis  was used  to ex- 
a m i n e  c h a n g e s  in a lgal  t issue wa te r  c o n t e n t  a n d  K + 
c o n c e n t r a t i o n s  wi th  salinity. T h r e e - f a c t o r  mlalysis  
o f  v a r i a n c e  (ANOVA) was u s e d  to test  for  differ-  
e n c e s  in  m e a n  t issue water,  K +, to ta l  N, a n d  N O  s 
c o n t e n t  d u e  to salinity,  l ight ,  a n d  n u t r i e n t  t rea t -  
m e n t s ,  a n d  for  i n t e r a c t i o n s  a m o n g  these  factors .  
W i t h i n  fac to r  p o s t - h o c  m u l t i p l e  c o m p a r i s o n s  were  
m a d e  fo l lowing  a s ign i f i can t  A N O V A  (F i she r ' s  Pro-  
t e c t e d  Leas t  S ign i f i can t  D i f f e r e n c e  [PLSD] ) .  

Resu l t s  

R E S P O N S E S  T O  C H A N G E  I N  S A L I N I T Y  

E. intestinatis t issue wa te r  c o n t e n t  d e c r e a s e d  sig- 
n i f i can t ly  wi th  i n c r e a s e d  sa l in i ty  a f t e r  48 h (Fig. 1). 
T h e r e  was g r e a t e r  i n c r e a s e  in  a lgal  t issue wa te r  
c o n t e n t  c o m p a r e d  to in i t ia l  levels  as t he  e x t e r n a l  
sa l in i ty  a p p r o a c h e d  f r e shw a te r  values .  Al l  c h a n g e s  
in t issue K + d e c r e a s e d  f r o m  in i t ia l  va lues ,  as a lgae  
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Fig. 1. Tissue water content  and potassium (nag K + experi- 
mental  uni t  1 ) in Enteromc~rpha intestinalis after 48 h of exposure 
to one of eight salinity treatments. Dashed fines indicate initial 
tissue values. 
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Fig. 2. The effects of 48 h of exposure to salinity (15%0, 
25%o, or 85%o) and nut r ien t  (50, 150, or 300 p,M) treatments 
on Enteromorpha intestinalis tissue water content  and potassium 
under  high fight and low light conditions. Bars represent  means 
-- 1 SEM (n = 5). Dashed fines indicate initial tissue values. 

w e r e  m a i n t a i n e d  i n  o c e a n i c  s a l i n i t y  p r i o r  to  t h e  
s t a r t  o f  t h e  e x p e r i m e n t .  A t  t h e  e n d  o f  t h e  e x p e r i -  
m e n t ,  E. intestinalis t i s sue  K + i n c r e a s e d  s i g n i f i c a n t l y  
w i t h  i n c r e a s e d  s a l i n i t y  a c r o s s  t r e a t m e n t s ,  T h e  in -  
c r e a s e  i n  t i s s u e  K + c o n t e n t  b e c a m e  less  p r o -  
n o u n c e d  as t h e  s a l i n i t y  a p p r o a c h e d  v a l u e s  c l o s e  to 
o c e a n i c  s a l i n i t y  ( 3 5 % 0 ) .  

RESPONSE TO CHANGES IN SALINITY, NUTRIENT 
CONCENTRATION, AND LIGHT AVAILABILITY 

T h e r e  was  a n  i n t e r a c t i o n  b e t w e e n  s a l i n i t y  a n d  
n u t r i e n t  t r e a t m e n t s  o n  t i s s u e  w a t e r  c o n t e n t  ( T a b l e  
2) .  T i s s u e  w a t e r  c o n t e n t  a p p e a r s  to d e c r e a s e  as sa- 
l i n i t y  i n c r e a s e d  (Fig.  2 ) .  W a t e r  c o n t e n t  a l so  ap -  
p e a r e d  to i n c r e a s e  w i t h  i n c r e a s e d  n u t r i e n t  ava i l -  
ab i l i ty ,  a l t h o u g h  t h e s e  r e s u l t s  w e r e  n o t  c o n s i s t e n t  
a c r o s s  a l l  s a l i n i t y  t r e a t m e n t s .  T h e r e  was  a signif i-  

c a n t  e f f e c t  o f  l i g h t  l e v e l  o n  t i s s u e  w a t e r  c o n t e n t ;  
a l g a e  s u b j e c t e d  to t h e  h i g h  l i g h t  t r e a t m e n t s  h a d  
d e c r e a s e d  w a t e r  c o n t e n t .  

T h e r e  was  a s i g n i f i c a n t  e f f e c t  o f  n u t r i e n t  t r e a t -  
m e n t  o n  t i s sue  K + c o n t e n t  ( T a b l e  2 ) ,  U n d e r  b o t h  
h i g h  a n d  l o w  l i g h t  c o n d i t i o n s ,  K + c o n t e n t  de -  
c r e a s e d  w i t h  i n c r e a s e d  n u t r i e n t  a v a i l a b i l i t y  (Fig.  2 ) .  
T h e r e  was  a n  i n t e r a c t i o n  b e t w e e n  l i g h t  l eve l  a n d  
s a l i n i t y  t r e a t m e n t  o n  t i s s u e  K + c o n t e n t .  A c r o s s  all  
n u t r i e n t  t r e a t m e n t s ,  a t  15%0 a n d  2 5 % 0  s a l i n i t i e s  
t h e r e  a p p e a r e d  to  b e  n o  d i f f e r e n c e  i n  a v e r a g e  tis- 
s u e  K + b e t w e e n  h i g h  a n d  l o w  l i g h t  t r e a t m e n t s ,  
T h e r e  was  less  a v e r a g e  K + i n  t h e  t i s s u e  u n d e r  l o w  
l i g h t  c o m p a r e d  to h i g h  l i g h t  a t  3 5 % 0  ( 5 2 . 6 5 9  -- 
1 .$65  v e r s u s  5 6 . 1 5 7  + 1 , 0 8 6  m g  K + e x p e r i m e n t a l  
u n i t  -x, r e s p e c t i v e l y ) .  T h e r e  was  a p a t t e r n  o f  in -  
c r e a s e d  K + c o n t e n t  w i t h  i n c r e a s e d  s a l i n i t y  w h i l e  K + 

TABLE 2. Three-factor analysis of variance results for fraction tissue x*ater content  (experimental unit  1), potassium (rag tissue K + 
experiment  unit- l) ,  total nitrogen (rag of tissue N experimental tmit-1), and nitrate (rag of tissue NOg experimental uni t  <)  in 
Enteromorpha intestinalis in the salinity X nutrients X fight experiment  (n = 5). 

Tissue Water Co:)teI)t Potassium Total Nitrogen Nitrate 

df  F p F p F p F p 

Salinity 2 
Nutrients 2 116.268 <0.0001 119.829 <0.0001 0.805 0.4511 0.502 0.6075 
Salinity • nutrients 4 16.811 <0.0001 18.437 <0.0001 17.224 <0.0001 209.893 <0.0001 
Light 1 4.104 0.0047 1.258 0.2948 1.117 0.8550 7.876 <0.0001 
Salinity • fight 2 25.519 <0.0001 2.340 0.1305 4.261 0.0426 91.937 <0.0001 
Nutrients • light 2 0.793 0.4563 3.710 0.0298 0.275 0.7604 10.694 <0.0001 
Salinity X nutrients X fight 4 0.048 0.9530 1.360 0.2632 0.781 0.4619 28.525 <0.0001 
Residual 72 1.316 0.2722 1.794 0.1894 0.805 0.5261 2.861 0.0298 
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der high light and low- light conditions. Bars represent means 
+ 1 SEM (n 5). Dashed lines indicate initial tissue values. 

d e c r e a s e d  wi th  i n c r e a s e d  n u t r i e n t  availabil i ty.  
L igh t  did no t  seem to great ly  al ter  these responses .  

T h e r e  was a s ignif icant  effect  o f  n u t r i e n t  treat- 
m e n t  and  l ight  level bu t  n o t  salinity on  total N 
c o n t e n t  of  E. intestinalis tissue after  48 h of  expo-  
sure  to expe r imen ta l  t r ea tmen t s  (Table 9; Fig. B). 
N o  in te rac t ions  a m o n g  variables  occur red .  Nutr i -  
ent  c o n t e n t  o f  the  tissue inc reased  with increased  
n u t r i e n t  availability at the  h ighes t  c o n c e n t r a t i o n  
(Fisher 's  PLSD; p < 0.0001; Fig. B). Algal tissue 
also had  g rea te r  N c o n t e n t  c o m p a r e d  to initial val- 
ues  only  in the h ighes t  N t rea tment .  T h e r e  was 
lower  m e a n  tissue N c o n t e n t  in the algae exposed  
to h igh  l ight  c o m p a r e d  to the  low light t r ea tmen t s  
(17.109 -- 0.286 versus 17.740 _+ 0.268 m g  N ex- 
p e r i m e n t a l  un i t  t [Fisher ' s  PLSD; p - 0 .0426]) ,  
bu t  this small d i f fe rence  is n o t  likely to be biolog-  
ically impor t an t .  

T h e  a m o u n t  of  N O  B in the  algal tissue in- 
creased c o m p a r e d  to initial c o n c e n t r a t i o n s  across 
all t rea tments ,  bu t  revealed  s ignif icant  in te rac t ions  
a m o n g  all the variables because  responses  were  n o t  
cons is ten t  across  any fac tor  (Table 2). With  one  
excep t ion  (low light; 15%o), tissue NOB c o n t e n t  
inc reased  with water  c o l u m n  N O  B - t r ea tmen t ,  
showing  that  g rea te r  supply  s t imula ted  sequester-  
ing of  N O  B in tissue (Fig. 3). Tissue N O  B levels 
were  h ighe r  u n d e r  low light condi t ions .  T h e  salin- 
i t ' / p a t t e r n  was also very  complex ,  p robab ly  due  to 
the dual  func t ion  of  N O  B as a n u t r i e n t  an d  as an 
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osmolyte.  T h e  rate o f  convers ion  of  N O  B- to Nt{4 + 
m i g h t  be salinity or  l ight  d e p e n d e n t .  

D i s c u s s i o n  

Macroa lgae  b l o o m  in shal low es tuar ine  ecosys- 
tems u n d e r  a suite o f  c h a n g i n g  e n v i r o n m e n t a l  con-  
di t ions  associated with these dynamic  environ-  
merits. O n l y  w h e n  these factors  are  assessed exper-  
imenta l ly  can we beg in  to u n d e r s t a n d  w h e n  and  
why algal b l o o m s  prol i ferate .  In  this study, E. irztes 
tinalis d e m o n s t r a t e d  the  ability to o s m o r e g u l a t e  in 
r e sponse  to shor t - t e rm salinity r e d u c t i o n  by alter- 
ing tissue water  c o n t e n t  a nd  K + c o n c e n t r a t i o n  to 
ma in ta in  osmot ic  ba lance  with the s u r r o u n d i n g  
m e d i u m  across all salinities tested. O t h e r  experi-  
men ta l  results  (Young et al. 1987a,b) for  E. i,ztesti,> 
alis a nd  E. prolifera were similar to ou r  f indings;  
tissue water  c o n t e n t  dec reased  and  K + c o n t e n t  in- 
creased with increased  ex te rna l  salinity. We did n o t  
f ind c hange s  in tissue water  c o n t e n t  or  tissue K + 
c o n c e n t r a t i o n  to be directly p r o p o r t i o n a l  to exter- 
nal  salinity. This  d i f fe rence  may be a t t r ibu ted  to 
expe r imen t a l  design,  as Young  et al. (1987a,b) 
s tudied algal r e sponses  to exposu re  to seawater  
with salinities of  25% a m b i e n t  seawater  (c. 9%o) 
and  h ighe r  (up  to c. 68%0 and  109%o). We in- 
c luded  algal responses  to m u c h  lower  salinities, 
and  ou r  tissue water  and  K + c o n c e n t r a t i o n  analyses 
were  heavily i n f l uenced  by salinities be low 25% 
seawater. Young et al. (1987a,b) also l imi ted  l ight  
intensi ty (30-40  p,E m -2 S -1) bu t  sub jec ted  algal 
samples  to c o n t i n u o u s  l ight  exposure .  We exam- 
ined algal r e sponses  u n d e r  m o r e  na tu ra l  condi-  
t ions o f  o u t d o o r  m i c r o c o s m s  with a s u m m e r  day: 
n igh t  cycle (14L: ]0D)  and  u n d e r  a variety of  salin- 
ity and  n u t r i e n t  r eg imes  typical of  estuaries in Med-  
i t e r r anean  climates. T h e  ability o f  E. intesti,zMis to 
o s m o r e g u l a t e  across a wide variety of  e n v i r o n m e n -  
tal cond i t i ons  ma y  he lp  explain its b l o o m - f o r m i n g  
potent ia l .  

T h e  salinity to le rance  orE.  intesti,zMis may  be en- 
h a n c e d  by h i g h  N O s -  up take  ability, wh ich  may  
also play a ro le  in shor t - t e rm osmoregu la t ion .  This  
cou ld  expla in  why the K + in algae in ou r  salinity 
e x p e r i m e n t  genera l ly  dec reased  f r o m  initial con-  
cen t ra t ions  across all t rea tments ;  all t r ea tmen t s  
had  b e e n  p rov ided  with n o n l i m i t i n g  concen t r a -  
t ions of  N O s - ,  so less K + was requ i red .  O u r  multi-  
factorial  e x p e r i m e n t  p rov ided  di rec t  ev idence  that  
the alga is capable  of  using whatever  osmolytes ,  in- 
c lud ing  i no rgan i c  N, that  were p r e s e n t  to m a i n t a i n  
osmot ic  ba lance  with the s u r r o u n d i n g  seawater. Be- 
cause NOs  was be ing  taken up  and  was p o o l i n g  
in the  tissue, there  was a r e d u c e d  n e e d  for  K + as 
an  osmolyte .  T h e  a d d e d  advan tage  was that  N O  s- 
is also n e e d e d  for  growth;  ene rgy  n e e d e d  for  os- 
m o r e g u l a t i o n  was no t  used on  an  osmolyte  with no  
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other  metabolic function. A series of one-factor ex- 
per iments  by Fong et al. (1996) showed that unde r  
N sufficient conditions, E. intestinalis was more  tol- 
erant of low salinity than its competitors. A two- 
factor exper iment  by Kamer and Fong (2001) re- 
vealed that algal enr ichment  with NOs-  mitigated 
the negative effects that reduced  salinity had on 
growth and tissue nutr ient  concentrat ions over a 
l-too period. Our  finding that nutrients can con- 
tribute directly to osmoregulat ion provides a pos- 
sible mechanism by which the alga is adapted to 
relieve the stress of  decreased salinity. While K + is 
the major  short-term ionic contributor,  about  50% 
of these positive ions are not  balanced out by neg- 
ative ions such as C1 (Young et al. 1987b). NOs 
could have an impor tan t  role not  only as an os- 
molyte, but  also in maintaining charge balance in 
the algal cells. 

Ou r  results show that E. i,ztestirtalis has the ability 
to take up inorganic N and store it for future 
growth, even during times of fluctuating environ- 
mental  conditions of reduced salinity and light 
availability. Tissue total N seemed to reflect NO~- 
availability better with increased salinity. One  pos- 
sible explanation for this p h e n o m e n o n  is that pe- 
riods of low salinity are stressful, and osmoregula- 
tion is a h igher  priority than growth, so the algae 
used available energy to take up available N and 
osmoregulate.  In full-strength seawater, the algae 
were no t  as stressed. More nutrients were taken up 
and incorpora t ion  of N into new tissue occurred 
very quickly, so tissue N was no t  different across 
salinity treatments when growth was taken into ac- 
count. This uncoupl ing  of N uptake and growth 
via storage has been documen ted  for other  ma- 
croalgae (Hanisak 1979; Birch et al. 1981; Martins 
et al. 9001) and is an impor tant  mechanism for 
taking advantage of high nutr ient  concentra t ions  
when condit ions for growth are suboptimal. 

Al though  the amoun t  of  NOs increased in all 
treatments, it did not  result in accumulat ion of to- 
tal N in the tissue over 48 h because the change 
in NO s content  was small relative to the total N 
concentra t ion in the tissue. A 750 ppm increase in 
NO s- would result in a 0.075% dry weight increase 
in total N, and this difference is below our  ability 
to detect analytically. While tissue total N appeared 
to decrease from initial concentra t ions  in the 50 
and 150 poM nutr ient  treatments under  both  light 
levels, this difference was likely not  biologically im- 
portant.  

Reduced light, over the short  term, had little ef- 
fect on algal response to changes in salinity and 
nutrients. There  was an impor tant  difference at 
the cellular level. Tissue subjected to low light 
treatments had considerably more  NOs-  than tis- 
sue unde r  high light treatments. This can be ex- 

plained by the fact that N was supplied as NaNO> 
and nitrate reductase (NR) is required t o  convert  
NOs to NH4 + for assimilation into new tissue. In- 
creased NOs-  concentra t ions  and high light levels 
stimulate NR activity in opportunist ic  estuarine ma- 
croalgae (Thompson  and Valiela 1999); the dis- 
appearance  of inorganic NO s under  high light 
with increasing salinity can be attributed to assim- 
ilation. NOs-  is usually assimilated quickly (Fujita 
et al. 1988), but excess can sometimes be stored in 
algal tissue (McGlathery et al. 1996). Unde r  low 
light conditions, NO s was stored in the tissue rath- 
er than assimilated rapidly, as in the high light 
treatment.  Al though we did not  measure NH4 + in 
the tissue, the similarity between total N measures 
for algae unde r  high and low light implied that it 
was the form of N, rather  than the amoun t  of N, 
that differed under  different light treatments. 

An effect of low light at the cellular level may 
have been reduct ion of K + uptake. K + uptake in E. 
intestiaalis is an active process that requires energy 
(Black and Weeks 1972; Ritchie and Larkum 
1985a). This energy comes directly or indirectly 
from ATP, and the size of the ATP pool  is smaller 
when light is limiting (Ritchie and Larkum 1985a). 
This outcome is consistent with the idea that the 
amoun t  of available energy for uptake is lower un- 
der light limiting conditions. 

This set of  experiments  demonstrated how es- 
tuarine E. irdestir~alis responds to the suite of en- 
vironmental  condit ions that co-occur with pulsed 
influx of freshwater and nutrients typical of Medi- 
ter ranean climates. Our  results show this alga's 
short-term adaptability to eutrophic  conditions of 
decreased salinity, increased nutr ient  concentra-  
tion, and decreased light availability. That  E. iates 
tmMis is able to obtain and store N unde r  these 
condit ions ensures survival both during and after 
the pulses of freshwater associated with storm 
events during the rainy season typical of southern  
California. The use of nutrients as osmolytes en- 
ables the alga to persist during the pulse event, and 
nutr ient  storage during these events allows for pro- 
liferation of biomass afterwards, when environ- 
mental  condit ions are less stressful. These physio- 
logical responses aid in our  unders tanding  of why 
algal blooms proliferate in extremely variable es- 
tuarine environments.  
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